Abstract-This study is devoted to the synthesis and investigation of the Mo 5 SiB 2 based ceramic material (T 2 phase). The influence of the initial temperature on basic combustion parameters is shown. It is found that preheating the reaction mixture enables the initiation of the combustion in the self oscillatory mode and the initial temperature dependences of the combustion temperature and rate have a linear character. The effective activation energy of the SHS process is calculated. Some variants of chemical reactions between Mo, Si, and B are proposed to explain the combustion mechanism in the investigated ternary system. Compacted samples are obtained using the forced SHS compaction. The phase composition, structure, and properties of synthesized ceramic materials, in which Mo 5 SiB 2 grains are the main component with an average size of 10-20 μm, are studied. The lines of Mo 3 Si and Mo intermediate phases, the total fraction of which does not exceed 4%, are identified as well. The produced T 2 phase based material has a high specific density and hardness.
INTRODUCTION
One modern, intensively progressive direction of scientific investigations is the development of high temperature ceramic and composite materials and coatings for operation under extreme conditions at a temperature higher than 1600°C, which exceeds the upper limit for conventional nickel and titanium high temperature alloys [1] . Molybdenum silicide based materials with high melting points are very promising materials in this field; they have high strength, good creep resistance, and excellent oxidation resistance at higher temperatures [2] . The most refractory com pound in the Mo-Si system is Mo 5 Si 3 (T melt = 2453 K), which is also characterized by excellent high temper ature strength. However, its oxidation resistance is somewhat lower than for MoSi 2 [3] .
To substantially increase the heat resistance of Mo 5 Si 3 based materials in a range of T = 800-1450°C, small additives of boron (up to 11 at %) are introduced in their composition; high creep resistance is retained in this case [4] . Articles [5] [6] [7] were devoted to studying the properties of alloys in the ternary Mo⎯Si-B system with a variation in the Si and B con centrations in ranges of 9-12 and 8-20 at %, respec tively. It is shown that these materials have high frac ture toughness in addition to excellent high tempera ture strength and oxidation resistance.
Numerous publications are devoted to the study of alloys based on the T 2 phase (Mo 5 SiB 2 ) [8] [9] [10] [11] [12] [13] , which has great potential in the field of ultra high tempera ture applications. This phase is formed according to the pseudodouble peritectic reaction at T < 2130°C and has a rather wide homogeneity region of stoichiometric composition (Fig. 1) . To prepare alloys based on it, a widespread method for electric arc refining in inert atmosphere, for example, in argon, is used [8] [9] [10] [11] [12] [13] .
However, this method is rather complicated and multistage and requires further very long term isother mal long time annealing at temperatures higher than 1600°C [8] . Even small variations in technological modes result in the formation of a multiphase product in this case, despite a wide homogeneity region.
An alternative method for production ceramics based on the T 2 phase is self propagating high temper ature synthesis (SHS) [15, 16] , which makes it possible to fabricate various refractory compounds without high power inputs, is productive, and provides the chemical purity of end products as a result of the effect of "self purification" in regards to impurities in the combustion wave. The method is based on using heat, which is released during chemical reactions in the combustion mode between components of the reaction mixture.
The SHS of elements in the Mo-Si-B mixture calculated for the formation of 100% T 2 phase (in the region enriched with molibdenum) is complicated at the initial room temperature because of the low exo thermicity, namely, the reaction heat of the interaction of Mo with B and Si is lower than 1 kJ/g [15] [16] [17] . It is possible to achieve the combustion in the steady mode while preheating the charge mixture by an outer energy source.
This study is devoted to the synthesis of the Mo 5 SiB 2 chemical compound in the combustion mode, determining combustion laws at the variouse initial temperature, and investigating the structure and properties of SHS products.
EXPERIMENTAL
Initial components of the reaction mixture were powders of molybdenum of the PM 99.95 brand, sili con prepared by milling KEF 4.5 (n Si:P with a resis tivity of 4.5 Ω cm) single crystals (orientation 100), and black boron of the B 99A brand. Reagents in a molar ratio of 5 : 1 : 2 (calculated for the formation of Mo 5 SiB 2 ) were mixed in a ball rotary mill with the use of hard alloy milling balls.
The combustion kinetics was studied using a labo ratory research SHS reactor according to standard procedures [17, 18] . The mixture was formed in cylin drical samples 10 mm in diameter and ~17 mm in height, which were compacted to a relative density of 60%.
The combustion temperature T c was measured using VR5/20 W-Re thermocouples; to mount them, a hole was drilled in the sample to a depth of ~5 mm with a diameter of 2 mm. Combustion rate U c was determined using a Panasonic WV BL600 high speed video camera with X15 magnification.
Compacted ceramics were made by the technology of forced SHS compaction [15, 17] . A mixture bri quette precompacted to a relative density of 55-60% with a diameter of 48 mm was a three layer composi tion consisting of two layers of a "chemical heater" (mixture of Ti, B, and C powders) and a layer of the reaction mixture of the basic composition between them. The layers within the briquette were separated by perforated paper of thermally expanded graphite to prevent the contact interaction between the products, a "chemical heater," and the basic mixture. The syn thesis was performed in a sand reactionary mold using a DA 1532B hydraulic press. The combustion time was controlled by a photodiode mounted immediately within the reactionary mold opposite to the initiating tungsten coil. Hot synthesized products were com e, 1385 ± 15 pacted after the process was complete under a pressure of 7 MPa. Compacted billets were cooled in sand in air.
Optimization of process parameters of forced SHS compaction allowed us to determine optimal times of compaction delay after the combustion was finished and the duration of the hot synthesis products under the pressure.
The phase composition of synthesized products was investigated using a DRON 4 automated diffrac tometer with monochromatic CuK α radiation. Recording was performed by points (in the mode of step scanning) in angle range 2θ = 10°-110° [19] . Recorded spectra were processed by means of a special software package developed at the National University of Science and Technology "MISiS." The microstruc ture was studied using a Hitachi S 3400N scanning electron microscope equipped with a NORAN X ray energy dispersion spectrometer.
To evaluate the structural heterogeneity and defec tiveness of compacted preliminarily polished samples, the ultrasonic rate was determined using a UD2 70 defectoscope.
The Vickers hardness was measured using an HVS 50 hardness tester under a load of 10 kg and an indenter duration time of 10 s.
The density was evaluated by hydrostatic weighing using an AND1 GR 203 analytical balance. The actual density of compacted samples was determined using an AccuPyc 1340 helium pyknometer (Micromeritics Co.). The residual porosity was calcu lated based on the relative density, which was found as a ratio between the hydrostatic (experimental) and actual densities of the compacted material.
RESULTS AND DISCUSSION
The dependences of T c and U c on the initial tem perature T 0 of SHS for the investigated mixture are represented in Fig. 2 . Initiation of combustion the combustion at room temperature, T 0 = 293 K failed, which is associated with insufficient heat generation. Preheating the mixture to 540 K makes it possible to initiate the combustion in the self oscillating mode. Dependences T c (T 0 ) and U c (T 0 ) have classic linear characters; notably, the parameters increase with increasing T 0 . This testifies that the staging of chemi cal reactions of formation of molybdenum silicide and boride is invariable at T 0 = 540-760 K.
It should be noted that, among all initial reagents, only silicon (T melt = 1687 K) melts in range T c = 1925-2100 K. Therefore, we can suppose that the driving forces of combustion in a three component mixture are the formation of the silicon melt and interaction with molybdenum by the following mech anism [20, 21] (iv) the fractional dissolution of the solid product in the melt; (v) the saturation of the silicon melt by molybde num with the following precipitation of silicide crys tallites from the melt according to the state diagram for Mo-Si [2] .
Molybdenum particles react with boron parallel to the above and possibly in a short time delay. This inter action can occur according to three probable scenar ios:
(i) The direct solid phase interaction of contacting Mo and B particles in the absence of the silicon melt (ΔG = -97 kJ/mol at T = 2200 K);
(ii) The interaction of Mo with B through the sili con melt as a result of their wetting by the melt; its spread over molybdenum and boron particles; chemi cal reactions between Mo and Si and between B and Si (interaction 4B + Si according to the mechanism of the reactive diffusion through the layer of formed products; (iii) The interaction according to mechanisms [17, [23] [24] [25] due to the gas phase transfer of the MoO 3 volatile compound to spatially separated (or pointwise contacting) boron particles. After the deposition of the reagent onto the surface of solid B particles, the chem ical reaction of the formation of molybdenum boride occurs: 3B (solid) + MoO 3(gas) MoB (solid) + B 2 O 3(liq) (ΔG = -642 kJ/mol at T = 2200 K).
More preferential scenarios are (ii) or (iii), depending on the heterogeneity scale (molybdenum particle size, silicon concentration, degree of reagent mixing, and oxidation level of Mo and B powders). The possibility of achieving various scenarios simulta neously in various unit cells should not be excluded.
Based on our experimental dependences of T c and U c on T 0 , we calculated effective activation energy E eff [15, 18] of the self sustained reaction, the value of which allows us to suppose the limiting stage of com bustion. It was calculated in the simplified form according to the formula where R is the universal gas constant and tan α is deter mined graphically based on results of the rectification of data in coordinates ln(U c /T c ) on 1/T c (Fig. 3) .
On the assumption of the linear approximation, the E eff of combustion for the composition investigated is 430 kJ/mol, which is comparable with the activation energy of process occurring according to the reaction diffusion mechanism in solid-liquid systems [16] , where the limiting stage is the diffusion of the refrac tory component through the layer of the intermediate product that forms. Figure 4 demonstrates thermograms recorded at different T 0 . Profiles of the combustion wave have a typical character, notably, an abrupt temperature rise from initial T 0 to final T c , and then its values gradually decrease in the afterburning zone. Curves reveal only one temperature maximum, which indirectly testifies to two possibilities for the occurrence of chemical reactions of molybdenum with silicon and boron: either parallel in the fusion mode or with a small delay. Table 1 lists results of X ray phase analysis (XRD) of synthesized products prepared in a laboratory SHS reactor at various T 0 . It is evident that, upon increasing the initial temperature, the T 2 phase content in syn thesized products increases and the fraction of MoB, ceramics prepared under conditions of the forced SHS compaction is presented in Fig. 5 ; Data of the semi quantitative analysis are presented in Table 2 .
It is evident from the presented results that, in con trast with the product prepared in the laboratory SHS reactor, the compacted sample contains 96% of the required Mo 5 SiB 2 compound (T 2 phase), although there is a small amount of Mo 3 Si and Mo intermediate phases with a = 0.3138 nm, which is somewhat lower than the tabulated value (a = 0.3147 nm) [19] . A sim ilar decrease in the lattice parameter of Mo is probably associated with the dissolution of Si, which has a smaller atomic radius when compared with Mo, and with the formation of the substitutional solid solution [13] . The maximum solubility of Si in Mo is ~4 at % at a peritectic temperature of 2025°C, and the solubility also drops approximately to 1.5 at % as T decreases to 1200°C [2] . Figure 6 demonstrates the microstructure of com pacted ceramics and images recorded in characteristic radiations of boron, silicon, and molybdenum. The main structural component of the alloy is represented by rather coarse grains of the T 2 phase with an average size of 10-20 μm, which correlates well with XRD data. No independent grains of Mo and Mo 3 Si were found out even at higher magnifications. The sample structure reveals pores with sizes close to those of grains of the host phase. Energy dispersion spectros copy confirmed a high structural homogeneity-ele ments were distributed uniformly (Fig. 6b) .
Some physical properties (densities, residual porosity, sound velocity, and Vickers hardness) of syn thesized ceramics are presented below:
It is seen that the samples based on the T 2 phase have high specific density ρ hydr and hardness HV. This material is of interest for obtaining target cathodes applied in magnetron devices for the ion plasma dep osition of high temperature coats with an operating temperature higher than 1300°C for critical units and ρ hydr , g/cm 3 8.0 ρ pycn , g/cm parts of aerospace engineering, including the protec tion of thermoloaded units of the combustion cham ber and the fuel supply system.
CONCLUSIONS
The Mo 5 SiB 2 chemical compound (T 2 phase) is synthesized in the combustion mode. It is established that, as the initial temperature increases in the range T 0 = 500-800 K, T 0 dependences of T c and U c are close to linear. The effective activation energy of com bustion of the 5Mo + Si + 2B mixture is 430 kJ/mol; i.e., the controlling stage is the reactive diffusion.
It has been suggested that the driving force of com bustion in the Mo-Si-B three component system is the formation of the silicon melt and interaction with molybdenum through the layer of the formed product. Simultaneously with this, and possibly with a short time delay, molybdenum particles react with boron. Three scenarios are proposed for such an interaction, the experimental verification of which requires addi tional investigations using dynamic diffractometry of the X ray structural radiation and analysis of micro structures of quenched fronts of combustion.
Compacted ceramics based on the T 2 phase (96%) has an average grain size of 10-20 μm and high values of the specific density and hardness. 
